Objective To test whether improvement in household coal stoves affected the incidence of chronic obstructive pulmonary disease (COPD) in Xuanwei County, China. Design Retrospective cohort study (follow-up 1976-92) comparing incidence of COPD between groups with and without chimneys. Participants 20 453 people born into homes with unvented coal stoves;16 606 (81.2%) subsequently changed to stoves with chimneys. Intervention Installation of a chimney in households in which unvented stoves had been used previously. Results Installation of a chimney was associated with distinct reduction in the incidence of COPD. Compared with people who did not have chimneys, the Cox-modelled risk ratio (relative risk) was 0.58 (95% confidence interval 0.49 to 0.70, P < 0.001) in men and 0.75 (0.62 to 0.92, P = 0.005) in women. Modelled risk ratios were robust to different Cox model specifications. Relative risks decreased with time since stove improvement. In both sexes, the reduction in risk became unequivocal about 10 years after stove improvement. Conclusions In Xuanwei, incidence of COPD decreased markedly after household coal stoves were improved.
Introduction
Burning coal and biomass fuels on unvented stoves causes much disease in developing countries. Such fuel is the domestic energy source for almost 3 billion people, 1 and the resulting smoke contributes importantly to the global burden of mortality, accounting for about 1.6 million of the 59 million deaths annually. 2 3 Indoor smoke is estimated as the eighth largest risk factor for global disease, accounting for 2.7% of disability adjusted life years lost (DALYs). 2 3 Chronic obstructive pulmonary disease (COPD) is a major component of global disease, and the World Health Organization estimated that COPD was the sixth leading contributor to worldwide mortality in 1990. By 2020 they estimate that it will be the third leading contributor. 4 Exposure to smoke from solid fuel burned indoors is strongly associated with an increased risk of COPD and other respiratory disorders. [5] [6] [7] [8] [9] [10] [11] [12] [13] In Xuanwei County, Yunnan Province, China, rates of lung cancer were among the highest in China, 14 and rates of COPD were over twice the national average. 15 In Xuanwei > 90% of residents are farmers. 16 Most men, but few women, smoke. Nearly all women, and some men, cook food on the household stove. For cooking and heating, residents usually burned smoky coal (bituminous coal), smokeless coal (anthracite), or wood in unvented stoves. Unvented burning of smoky coal generates high concentrations of indoor air pollution. 14 17 In Xuanwei, rates of lung cancer 14 16 and COPD 15 are strongly associated with household use of smoky coal.
Most Xuanwei residents have changed from unvented stoves to stoves with chimneys. This greatly reduces indoor air pollution and was associated with a reduction in risk of lung cancer. 16 To the best of our knowledge, the effects on risk of COPD have not previously been documented, though we would expect that the incidence would decrease. 18 We therefore compared incidence of COPD between people who installed chimneys and those who used only unvented stoves.
Methods

Data collection
We searched administrative records to identify all farmers born 1917-51 who were living in Xuanwei's three central communes (the study area) on 1 January 1976 (31 364 farmers in all). From 1976-92, 1215 (3.9%) moved away and were not included in analysis. From March-November 1992, trained interviewers administered a standardised questionnaire to the 30 149 remaining. They determined history of household stove and fuel use, diagnosed illnesses, smoking, cooking food, time spent indoors and outdoors, education, and residence. Participants were asked whether they had ever been diagnosed with chronic bronchitis or emphysema and, if so, the age and place of diagnosis (hospitals at the province, district, county, or commune level). Chronic bronchitis and emphysema were combined into a single category of COPD. Dates of all deaths from 1976-92 were taken from death certificates. Written informed consent was obtained from all literate respondents. Study goals and procedures were explained orally to each eligible illiterate person, in the presence of a literate relative. If this person gave oral consent, the relative signed the consent form for that person.
Data analysis
We restricted analysis to lifelong users of smoky coal (causing 2836 exclusions) and those who had used unvented stoves throughout their lives or who changed from unvented stoves to stoves with chimneys (5861 exclusions). We also excluded eight people because of coding errors on the questionnaire, 217 patients with COPD who did not specify a place of diagnosis (n = 189) or who had both COPD and lung cancer and in whom COPD was diagnosed after lung cancer (n = 28). Follow-up started on 1 January 1976, resulting in exclusion of 774 COPD patients diagnosed before that date. Thus the final dataset included 20 453 subjects (10 785 men and 9668 women), of whom 1487 (7.3%) had COPD and 16 606 (81.2%) had installed chimneys.
We counted age at entry into follow-up as the number of days from birth date to 1 January 1976, divided by 365.25. People left follow-up by reporting they had received a diagnosis of COPD (integer age at diagnosis +0.5), if they died without COPD during follow-up (number of days from birth date to death date, divided by 365.25), or if they were alive and free of COPD at interview in 1992 (number of days from birth date to interview date, divided by 365.25).
There were 298 378 person years during follow-up (116 221 before installing a chimney and 182 157 after). We calculated incidence rates of COPD adjusted for age before and after installation. Product-limit survival curves, with incident COPD as outcome, were plotted by age for men and women with and without a chimney (SAS, SAS Institute, Cary, NC).
We used sex specific multivariable Cox models, with incident COPD as outcome. The time axis was age. Stove improvement was assessed with a time dependent variable that switched from zero to one when the person changed to a stove with chimney. This gave a modelled overall risk ratio (relative risk) for COPD of stove improvement compared with no improvement. The models also used various dummy variables: having ≥ 5 people in the household at exit from follow-up; spending ≥ 7 daily waking hours indoors up to age 20; using an annual average of > 3 tonnes of coal in the household; being born outside the study area; having any education; having ≥ 3 rooms in the home at exit from follow-up; and six dummies for the birth cohorts of 1922-6, 1927-31, 1932-6, 1937-41, 1942-6, and 1947-51 (compared with 1917-21) . These variables were constructed exactly as in our previous analysis 16 to enable comparison of their effects on incidence of lung cancer and COPD.
The men's model included three time dependent variables for pack years of smoking (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) , and ≥ 40 pack years, relative to < 20 pack years); a time dependent variable for cooking food for ≥ 20 years, relative to < 20 years; and a dummy for ever being a coal miner. The women's model included three time dependent variables for how long they had been cooking food (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) , and ≥ 40 years of cooking, relative to < 20 years). Few of the women ( < 1%) had ever smoked, so we did not adjust the women's model for smoking. During this study, rural Chinese communes were typically subdivided into "large teams." Extended families were generally concentrated in single teams. To control for potential non-independence from family related clustering we stratified models on large teams.
We used additional Cox models for sensitivity analyses. One model included a dummy for history of lung cancer. Another included all the covariates in the main model plus dummies for history of lung cancer, questionnaire respondent (1 if answered for self, 0 if surrogate respondent), and digit preference in reported age at COPD diagnosis (1 if a multiple of 10, 0 otherwise). The main model was run after we excluded patients with lung cancer and replaced several categorical covariates with continuous ones. An additional model used a time axis of calendar time (not age), with adjustment for age at entry. To evaluate potential effects of error in recall of age at installation of a chimney, we ran the main model after addition and subtraction of 5 years from this age as reported.
We also used Cox models to assess the change in incidence of COPD over time after installation of a chimney. We assigned people who changed to a stove with a chimney < 10 years, 10-19 years, and ≥ 20 years before leaving follow-up to separate groups. For each group we entered a time dependent variable that switched from zero to one at stove improvement. This gave a modelled relative risk for stove improvement in each group compared with 1 for no improvement. These models were run on the entire cohort, then with successive exclusion of those who left follow-up within one year, two years, three years, and four years after improvement. Table 1 summarises details of the participants. The age adjusted incidence rate of COPD was distinctly higher in people without chimneys than in those with chimneys, as was the overall mortality and mortality from COPD. Mean educational attainment was at the level of primary school (up to the age of about 11 years). Men were better educated than women, as were people who had chimneys. Smoking was similar in men with and without chimneys. Prevalence of cooking was higher in men without chimneys. Among men who cooked, how long they had been cooking and at what age they started to cook were similar in those with and without chimneys. Only 10 people were born outside Xuanwei.
Results
The figure shows product limit curves of incidence of COPD in men and women according to stove improvement. Age specific proportions of people without COPD were consistently higher in those with chimneys than in those without. In both sexes, differences between curves were highly significant (P < 0.001 in Wilcoxon, log rank, and likelihood ratio 2 tests). Among all those with COPD, 514 (34.6%) reported age at diagnosis as an exact multiple of 10, whereas only 1791 without COPD (9.4%) left follow-up at such an age. Tables 2 and 3 show the risk ratios (with 95% confidence intervals and P values) from the main Cox model for overall incidence rate of COPD. In both men and women, using a stove with a chimney was distinctly and significantly associated with a reduction in the incidence of COPD. This reduction was more pronounced in men (42% reduction, P < 0.001) than in women (25% reduction, P = 0.005). In both sexes, living in a household of ≥ 5 people and spending ≥ 7 daily waking hours indoors up to the age of 20 were significantly associated with increased Product limit survival plots showing probability of not having chronic obstructive pulmonary disease (COPD) by age in years in men and women according to whether they had a chimney, Xuanwei, 1976-92 incidence of COPD. Using > 3 tonnes of fuel annually, being born outside the study area, and having ≥ 3 rooms in the home were not appreciably associated with the incidence. In men, smoking was significantly associated with increased incidence (1.45 for ≥ 40 pack years, P = 0.007 overall, table 3). In women, duration of cooking was not significantly associated with incidence (table 3) . Table 4 shows modelled risk ratios of stove improvement for incidence of COPD in alternative Cox models. In both sexes, the risk ratios were stable with different model specifications, and relative risks, confidence intervals, and P values were similar when we excluded all patients with lung cancer. Table 5 shows the analyses of the reduction in the risk of COPD over time after installation of a chimney. Risks consistently decreased with length of time since installation. In men and women who left follow-up within 10 years after installation, modelled relative risks were significantly higher than 1. This was observed until we excluded from analysis men and women who left follow-up within three and four years, respectively, after installation. Stove improvement was consistently associated with highly significant reduction in incidence of COPD in people who left follow-up ≥ 10 years after improvement (P < 0.001).
Discussion
We observed a substantial reduction in the incidence rate of COPD after installation of chimneys on household coal stoves in a rural province of China. The reduction in incidence was lower in women than in men, probably because a much higher proportion of women cook food and they start to cook at a much younger age and cook for longer, thus being exposed to more long term indoor air pollution at higher doses, both before and after installation of a chimney. Furthermore, even after installation, the average concentration of airborne particles ≤ 10 m in diameter was still quite high near the stove (710 g/m 3 ).
16 
Possible limitations
Our outcome variable was incidence rate of self reported diagnosis of COPD, and we did not compare these self reports with physicians' records. Though self reporting creates some uncertainty in the outcome and might bias results, we doubt this for two reasons. Firstly, we excluded people who reported COPD but did not specify the place of diagnosis. Secondly, presence of chronic bronchitis was strongly positively associated with presence of lung cancer (P < 0.001 by 2 test) but presence of emphysema was not (P = 0.649). This is consistent with the findings of Kishi et al, who observed a positive and significant association of the risk of lung cancer with airways obstruction but no such association with emphysema. 19 Lung cancer could be misclassified as COPD, but we doubt whether appreciable misclassification occurred in this study. As expected, mortality was lower in people with COPD than in people with lung cancer (58.5% (870/1487) v 97.8% (1317/1347). Also, the mean time from diagnosis to death or the end of the study was 6.04 years in patients with COPD but only 1.53 years in patients with lung cancer. Additionally, in Cox models that included a covariate for lung cancer, and that excluded patients with lung cancer, modelled effects of stove improvement were similar to those in the main models (table 4) .
There was a long average interval of 12.8 years between reported age at installation of a chimney and the questionnaire interview. This is a source of uncertainty in data analysis. We emphasise, however, that the modelled overall effect would have *Reference category, relative risk=1. †Dummy variable, equals 1 when subject had lung cancer, 0 otherwise. ‡Main model plus dummy variables for lung cancer, questionnaire respondent status (equals 1 when responded for self, 0 otherwise), and digit preference for reported age at COPD diagnosis (equals 1 when integer age at exit from follow-up was an exact multiple of 10, 0 otherwise). §Adjusted for age at entry into follow-up, no covariates for birth cohorts, otherwise same as main model. ¶Models included continuous covariates for years of cooking, average daily waking hours spent indoors before age 20, average tonnes of fuel used annually, numbers of rooms and people in home, year of birth, and pack years of smoking (men only).
been beneficial even in the presence of substantial error in reported age at installation. For example, across an error range of − 5 years to +5 years (table 4) , the modelled relative risk of improvement for overall incidence of COPD would have ranged from 0.50 to 0.65 in men (P < 0.001) and from 0.62 to 0.80 in women (P ≤ 0.025).
COPD risk reduction over time
Risk of COPD was reduced unequivocally about 10 years after installation of a chimney but was higher just after improvement (table 5) . The risk of COPD also tends to be higher just after smoking cessation, presumably because some smokers quit only after becoming ill. [20] [21] [22] [23] Similarly, some Xuanwei residents may have installed chimneys after the onset of respiratory symptoms. Also, it is conceivable that people who sought a physician's advice may have been more likely than others both to be diagnosed with COPD and to install chimneys. If so, people with chimneys could have been more likely to have had a diagnosis of COPD, and the present results could be conservative. In any event, the increase in risk just after improvement remains to be fully explained.
Summary and recommendations
In summary, we found a substantial reduction in the risk of COPD after installation of chimneys on coal stoves in Xuanwei. This has broad implications because unvented burning of coal and biomass fuels is widespread. 1 Findings may be especially important regarding biomass burning, which is more common than coal burning, because it is strongly associated with COPD [5] [6] [7] [8] [9] [10] [11] [12] [13] and because COPD accounts for more DALYs than lung cancer. 24 We expect that installation of chimneys would greatly benefit public health, especially in developing countries. These findings should stimulate further stove improvement, research into its health benefits, and introduction of clean burning household fuels.
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